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Introduction

Apoferritin is the protein component of the ferritin iron-
storage protein, which consists of 24 subunits that form a
spherical hollow shell with external and internal diameters
of 13 and 7.5 nm, respectively. The apoferritin shell has
eight 0.4 nm diameter hydrophilic channels for the passage
of metal ions and small molecules.[1] The inner cavity of apo-
ferritin has recently been used as a nanoscale molecular
vessel in the generation of non-iron clusters, noncovalent in-
corporation of organic guest molecules, and compartmental-
ization of drugs and magnetic resonance imaging reagents.[2]

The parent ferritin protein has been well characterized and
forms a two-dimensional ordered self-assembly on silicon
substrates and in single-walled carbon nanotubes.[3] Apofer-
ritin also acts as a protein ligand of the Tb3+ cation and ex-
hibits long-lived green luminescence in aqueous solution.[4]

Several luminescent lanthanide complexes have recently re-
ceived attention for medical and bioanalytical applications.[5]

Hildebrandt et al. combined several Tb3+ complexes with
quantum dots for time-resolved fluoroimunoassays. Sames
et al. developed armed cyclen–lanthanide complexes as
near-infrared emissive sensors that function in aqueous solu-
tion. Vogel et al. reported lanthanide-based resonance
energy transfer for high-throughput screening of biomole-
cules. Although the number of synthetic lanthanide com-
plexes that exhibited intense emissions in aqueous media
still remains limited,[6] apoferritin and other protein deriva-
tives have potential as supramolecular ligands for lumines-
cent lanthanide complexation.[4,7]

We demonstrate that self-assembling apoferritin and the
apoferritin–Tb3+ complex offer selective coprecipitation
with poly ACHTUNGTRENNUNG(arginine) and their protein conjugates. Protein–
protein interactions are central to many biological and bio-
application processes, and the precipitation method has
been widely used in the characterization of nanoscale inter-
actions and the fractionalization of targeted proteins.[8] We
found that ferritin derivatives exhibited unique self-assem-
bling properties in aqueous solutions and formed coprecipi-
tates with specific polycations (Figure 1). In particular, the
apoferritin–Tb3+ complex has several outstanding features
as an effective luminescent biotool for such protein sensing:
1) the complex maintains the nanoscale hollow shell featur-
ing anionic amino acid residues and is available for further
self-assembly; 2) excitation of protein chromophores pro-
vides long-lived green luminescence even in aqueous
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media;[4] 3) several functional groups and metal cations can
be introduced to modify the protein surface; and 4) some
derivatives were reported to be internalized into the cells.[9]

Furthermore, with a diameter of 13 nm the apoferritin–Tb3+

complex has a much larger polyanionic surface than
common spherical proteins with diameters of 2~5 nm. Since
the negatively charged domains are arranged in a mosaic-
like fashion, its surface characteristics are expected to exhib-
it unique selectivity in polycation recognition and coprecipi-
tation processes. Indeed, apoferritin and the apoferritin–
Tb3+ complex offered the selective formation of coprecipi-
tates with a series of poly ACHTUNGTRENNUNG(arginine) substrates, the amounts
of which were significantly dependent on the chain lengths
of the substrates. Although biological proteins and other
synthetic poly(amino acids) rarely yielded precipitates with
apoferritin and its Tb3+ complex, the poly ACHTUNGTRENNUNG(arginine)-tagged
protein formed a precipitate. Such ployACHTUNGTRENNUNG(arginine)-selective
precipitation phenomena were detected not only spectro-
scopically, but also visually when the luminescent apoferri-
tin–Tb3+ complex was employed. Thus, the present results
successfully reveal that the apoferritin–Tb3+ complex can
function as a new biotool for luminescence sensing of poly-ACHTUNGTRENNUNG(arginine) and its protein conjugates.

Results and Discussion

Self-assembling characteristics of apoferritin and apoferri-
tin–Tb3+ complex : Commercially available ferritin (Sigma–
Aldrich, Japan) solution was dialyzed against 0.1m 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer (0.3 wt %
Na2S2O5, 0.15 m NaCl, pH 7.0) containing 2,2’-bipyridine (5 �
10�5

m) to remove Fe3+ cations, and then against NaCl
(0.15 m) solution, as previously described.[10] The resulting
apoferritin solution exhibited identical ultraviolet (UV) ab-
sorption and circular dichroism (CD) spectra to those previ-
ously reported.[4] Inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES) revealed that less than 0.6

Fe3+ cation was included in one
protein subunit. Addition of
TbCl3 salt to the resulting apo-
ferritin solution readily yielded
the apoferritin–Tb3+ complex,
which exhibited characteristic
luminescence signals at around
490, 545, 590 and 620 nm (Fig-
ure S1 in the Supporting Infor-
mation). A decay analysis of
the observed luminescence sig-
nals indicated two components
with lifetimes of 0.4 and 0.8 ms,
respectively. The complexation
and luminescence profiles were
similar to those previously re-
ported,[4] indicating that two or
three Tb3+ cations occupy the
Fe3+ binding sites of each pro-
tein subunit under the condi-

tions employed. In the following experiments, a MOPS
buffer solution (0.1m, pH 7.0) containing apoferritin (5 �
10�7

m), TbCl3 (7.2� 10�5
m, 6.0 equiv per protein subunit),

and NaCl (0.15 m) was prepared, and mechanically stirred
for 3 h. After centrifugal separation (3000 rpm or 640g for
10 min) of insoluble materials, such as hydrolyzed metal spe-
cies and large protein aggregates, the apoferritin–Tb3+ com-
plex solution included >90 % apoferritin and >3 equiv Tb3+

cations per protein subunit.
The self-assembling properties of apoferritin and its Tb3+

complex were characterized by dynamic light scattering ex-
periments. The effect of Tb3+ addition on the size distribu-
tion of apoferritin is illustrated in Figure 2. Although Cd2+

and Fe3+ cations have been reported to promote the two-di-
mensional crystallization of apoferritin,[11] the addition of

Figure 1. Self-assembly, Tb3+ complexation, and protein coprecipitation profiles of apoferritin.

Figure 2. Effect of Tb3+complexation on volume distribution and TEM
image of the apoferritin self-assembly. The statistics was converted from
the intensity distribution obtained by dynamic light scattering measure-
ments; scale bar: 50 nm.
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Tb3+ cations to the aqueous solution produced higher oligo-
mers with diameters of about 100 and 400 nm. The zeta-po-
tentials of these two self-aggregates were measured as an in-
dication of the surface electrical properties of the protein
aggregate.[12] Both aggregates of apoferritin and its Tb3+

complex exhibited similar zeta-potentials close to zero (�7.6
and �8.8 mV, respectively) while they had different size-dis-
tribution patterns.

We first established the conditions to obtain the apoferri-
tin aggregate with high purity. As previously reported,[11]

apoferritin was confirmed to exist as mainly monomeric, di-
meric, and trimeric aggregates in neutral aqueous solutions.
This is an equilibrium process in which the aggregate states
are highly sensitive to the concentration of the protein and
the nature of buffer solution, coexisting species and other
environmental factors. Our dynamic light scattering charac-
terization revealed that the obtained aggregate occupied
more than 99.5 % of the total volume (Figure 2 a). Thus, we
employed this in the following coprecipitation experiments.
Transmission electron microscopy (TEM) observations also
confirmed that they formed higher aggregates on the carbon
grids, which further suggests that the addition of Tb3+ cat-
ions enhanced the ordering of the protein self-assembly on a
solid matrix. Ultrastructural analysis of the TEM images
showed that both apoferritin derivatives have spherical
shapes, the size of which (diameter= ca. 12–13 nm) was sim-
ilar to the reported values.[1]

Coprecipitation profiles of poly ACHTUNGTRENNUNG(arginine): A series of poly-ACHTUNGTRENNUNG(arginines) were first examined in coprecipitation experi-
ments with apoferritin derivatives based on the following
reasons.[13] High numbers of arginines are often involved in

protein–protein interactions; the attachment of poly-ACHTUNGTRENNUNG(arginine) to the targeted protein promoted internalization
more effectively than poly ACHTUNGTRENNUNG(lysine); and poly ACHTUNGTRENNUNG(arginine)-tag
technology is also employed in protein purification and de-
tection processes.

When poly(l-arginine) was added to an aqueous solution
of apoferritin or its Tb3+ complex at neutral pH, the apofer-
ritin derivative precipitated and the amount of precipitate
was significantly dependent on the chain length of the
added poly ACHTUNGTRENNUNG(arginine) (Figure 3). Combined analysis by using
UV/Vis, ICP and time-of-flight mass spectrometry (TOF-
MS) revealed that the precipitate contained apoferritin,
Tb3+ cations and polyACHTUNGTRENNUNG(arginine). When 1 equiv of poly(l-ar-
ginine) 20-mer per protein subunit was added, then typically
approximately 80 % of the apoferritin was precipitated,
based on the UV spectral change at 280 nm. A 0.1m HCl so-
lution of the dissolved precipitate had an intense TOF-MS
peak at 3142 due to the added poly ACHTUNGTRENNUNG(arginine) 20-mer (Fig-
ure S2 in the Supporting Information). l-Arginine has a per-
manent positive charge on its side chain, but rarely yielded
precipitates with apoferritin and its Tb3+ complex. The poly-ACHTUNGTRENNUNG(arginine) 10-mer formed a coprecipitate with apoferritin
modestly, and did not provide reproducible data with the
apoferritin–Tb3+ complex, indicating that the 10-mer has
not sufficient chain length to interact with the apoferritin
protein. In contrast, the 20-mer and larger poly(l-arginines)
formed insoluble materials in which apoferritin was quanti-
tatively included. Since the poly(d-arginine) 20-mer exhibit-
ed similar precipitation behavior to the poly(l-arginine) 20-
mer, the longer poly ACHTUNGTRENNUNG(arginine) chain is essentially involved
in an electrostatic interaction with the apoferritin surface,
and the stereochemistry of the arginine unit had no signifi-

Figure 3. Effect of chain length of poly(l-arginine) on coprecipitation with: a) apoferritin, and b) the apoferritin–Tb3+ complex. Results of several inde-
pendent experiments are shown (each run is shown by different symbols: *, *, � , + , ~, and &). Arg, Arg10, and Arg20 are arginine and its 10- and 20-
mer, respectively. Poly-Arg is estimated as a 64-mer from the average molecular weight.
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cant influence on the precipitation process. Modeling calcu-
lations by using AMBER version 7.0 suggested that the ex-
tended “rod” conformations of the polyACHTUNGTRENNUNG(arginine) 10- and
20-mer have chain lengths of 3.3 and 6.6 nm, respectively.
These poly(arginines) are too large to penetrate the protein
channel; therefore, they interact with the outer surface on
the apoferritin shell and promote precipitation.

Coprecipitation profiles of poly(amino acids): In addition to
poly ACHTUNGTRENNUNG(arginine), cationic poly ACHTUNGTRENNUNG(l-lysine), neutral poly(l-aspar-
agine) and anionic poly(l-aspartic acid) were examined with
regard to coprecipitation with the apoferritin–Tb3+ com-
plex; their molecular weights ranged from 4000 to 15 000.
These poly(amino acids) have no absorption around 280 nm
and the precipitated amounts were directly determined by
the absorbance changes of the supernatants at 280 nm. Only
poly ACHTUNGTRENNUNG(lysine) formed a precipitate with the apoferritin–Tb3+

complex, while the other polymers did not have effective in-
teraction with the apoferritin derivatives, as indicated in
Figure 4. The precipitation efficiency of poly ACHTUNGTRENNUNG(lysine) was
lower than that of poly ACHTUNGTRENNUNG(arginine) (Figure 3), which confirms
that the polycationic moieties located on the rigid “rod”
peptide skeleton play an important role in the precipitation
process. These phenomena were followed by monitoring the
green luminescence of the apoferritin–Tb3+ complex
(Figure 5).

Coprecipitation profiles of biological proteins and the poly-ACHTUNGTRENNUNG(arginine) conjugate : Biological proteins were also exam-
ined as substrates in coprecipitation experiments; these in-
cluded albumin from bovine serum, myoglobin from equine
skeleton muscle, a-chymotrypsin from bovine pancreas, cy-
tochrome c from bovine heart, and lysozyme from chicken
egg white. One equivalent of each protein substrate per fer-
ritin subunit was added to apoferritin or the apoferritin–
Tb3+ complex buffered solution at pH 7.0. After being
stirred for 3 h at room temperature, centrifugal separation
was carried out at 3000 rpm for 10 min. Each protein sub-
strate had an intense absorption at 280 nm; therefore, the
absorption spectrum of the supernatant was compared with
the calculated spectrum produced by summing of spectra of
the protein substrate and apoferritin with the corresponding
concentration (Figure 6 a). Table 1 summarizes the copreci-
pitation results with the apoferritin–Tb3+ complex, together

with their molecular weights (MW) and isoelectric point (pI)
values. Of the substrates, cytochrome c and lysozyme have
positively charged surfaces at neutral pH, but produced no
precipitate with the apoferritin–Tb3+ complex. It is well
known that these proteins have “patch” structured polycat-
ions on their surfaces, in which several positive amino acid
residues are closely located. These proteins have spherical
shapes with diameters of approximately 4 nm, so that the ar-

rangement of the positive
charges on the polymer sub-
strate was confirmed as the
most essential factor in the pro-
motion of coprecipitation. Al-
though other biological proteins
did not interact with the apofer-
ritin protein, the albumin conju-
gate linked with the poly(l-ar-
ginine) 10-mer effectively
formed a precipitate (Fig-
ure 6 b). Sodium dodecyl sulfate
polyacrylamide gel electropho-

Figure 4. Coprecipitation of poly(amino acids) with the apoferritin–Tb3+ complex. Two different runs are
shown by * and *.

Figure 5. Pictures of the luminescent apoferritin–Tb3+ complex (center)
and after the addition of poly(asparagine) and poly ACHTUNGTRENNUNG(arginine).

Figure 6. Changes in UV/Vis absorption of the apoferritin–Tb3+ complex
after the addition of: a) bovine serum albumin, and b) bovine serum al-
bumin conjugated with poly ACHTUNGTRENNUNG(arginine) 10-mer. The calculated spectra
were produced by summing the absorption spectra of the two compo-
nents.
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resis (SDS-PAGE) analysis of this conjugate suggested that
three polyACHTUNGTRENNUNG(arginine) 10-mers were incorporated in one albu-
min protein (Figure S3 in the Supporting Information). The
absorption spectrum measured after mixing 0.5 equiv of
poly(l-arginine)-conjugated albumin per subunit of the apo-
ferritin–Tb3+ complex showed a decrease in absorbance at
280 nm to 25 % from the total sum of the absorbances of
the two proteins. The unmodified albumin and poly-ACHTUNGTRENNUNG(arginine) 10-mer were not suitable substrates individually;
therefore, two or three units of the poly ACHTUNGTRENNUNG(arginine) 10-mer
moieties acted cooperatively in the precipitation process.

Conclusion

The selective coprecipitation of polyACHTUNGTRENNUNG(arginine) and protein
conjugates with self-assembling apoferritin and the apoferri-
tin–Tb3+ complex was successfully demonstrated and pro-
vided useful application in protein detection and separation.
As illustrated in Figure 5 (center), the apoferritin–Tb3+

complex exhibited a green emission upon excitation with a
laboratory UV lamp (254 nm, 4 W). Coprecipitation oc-
curred rapidly when poly ACHTUNGTRENNUNG(arginine) was added to the aque-
ous solution, and the resulting supernatant was nonlumines-
cent (Figure 5; right). Poly(asparagine) and other polymer
substrates formed no precipitate and had no luminescence
response (Figure 5; left). We compared rod-like rigid poly-ACHTUNGTRENNUNG(arginine), relatively flexible polyACHTUNGTRENNUNG(lysine) and spherical pro-
teins with highly charged patches as polycationic substrates.
Among them, the employed ferritin derivatives particularly
offered coprecipitation with the poly ACHTUNGTRENNUNG(arginine) 20-mer with
6.6 nm length. Since the ferritins have negatively charged
domains on the 13 nm � 13 nm scaled surfaces in a mosaic-
like fashion, the nanoscale matching between polyanion and
polycation moieties is thought to offer unique poly-ACHTUNGTRENNUNG(arginine)-selective coprecipitation phenomena. Therefore,
the present apoferritin–Tb3+ complex could operate as a
new type of luminescent biotool for the detection and sepa-
ration of poly ACHTUNGTRENNUNG(arginine) and its protein conjugates.

Experimental Section

General : Luminescence spectra were recorded on a Perkin–Elmer LS-
50B luminescence spectrometer. UV/Vis spectra were obtained with a
Hitachi U-3500 spectrophotometer. Dynamic light scattering experiments
were performed by using a Malvern HPPS-ET high performance particle
size analyzer, and TOF-MS spectra were recorded on a Shimadzu Axima
CFT Plus V.2.4.0 spectrometer. The determination of Fe3+ and Tb3+ cat-
ions by using IPC was performed by Shimadzu Analytical & Measuring
Center, Inc., Kyoto, Japan.

Materials : Ferritin from equine spleen (type I) was purchased from
Sigma–Aldrich (Japan) and used after dialysis to remove the Fe3+ cat-
ions. The remaining Fe3+ cations in the apoferritin used were determined
by ICP spectroscopic analysis. The apoferritin–Tb3+ complex solution
was prepared by mixing apoferritin and TbCl3 in MOPS buffer (0.1 m,
pH 7.0) containing NaCl (0.15 m). After being mechanically stirred for
3 h, the insoluble materials were removed by centrifugal separation at
3000 rpm or 640 g for 10 min.

Poly(l-arginine) 10- and 20-mer were provided as TFA salts by Cosmo
Bio Ind. (Japan) and their purities were confirmed as >90% by high per-
formance liquid chromatography (HPLC) analysis, and the poly(d-argi-
nine) 20-mer (TFA salt) was obtained from Sigma–Aldrich (Japan).
Higher molecular weight poly(l-arginine) with a mixture of molecular
weights (5000–15000) was purchased form Nacalai Tesque, Inc. Poly ACHTUNGTRENNUNG(l-
lysine), poly(l-asparagine), and poly(l-aspartic acid) were also commer-
cially available, and had similar molecular weights to poly(l-arginine).
The albumin-poly ACHTUNGTRENNUNG(arginine) conjugate was provided by Kokusan Chemi-
cal (Japan). SDS-PAGE analysis revealed that three of the polyACHTUNGTRENNUNG(arginine)
10-mers were linked with one albumin molecule through Cys–Cys linkag-
es (Figure S3 in the Supporting Information). All proteins were pur-
chased from Sigma–Aldrich (Japan) and were used without further purifi-
cation. Ultrapure water was used in each experiment after ion exchange
(Advantec RFU-354-BA).

TEM observation : Apoferritin and the apoferritin–Tb3+ complex assem-
blies were fixed by dropping onto 400 mesh carbon grids and treatment
with uranyl acetate. The grids were then dried, placed in a grid chamber,
and stored in a desiccator prior to TEM observation. All TEM observa-
tions were performed by using a Jeol JEM1200EX microscope at Hanai-
chi Ultra Structure Research Institute (Japan).

Precipitation experiments : The coprecipitation experiments were carried
out by adding a polymer substrate to a solution of apoferritin or the apo-
ferritin–Tb3+ complex (5 � 10�7

m) in MOPS buffer (0.1 m) containing
NaCl (0.15 m) at pH 7.0. The mixture was mechanically stirred for 3 h at
room temperature, and then centrifuged at 3000 rpm for 10 min. The su-
pernatant obtained was analyzed by using UV and luminescence spec-
troscopy, dynamic light scattering and ICP spectroscopy. The precipitate
was dissolved in HCl (0.1 m) and then analyzed by using ICP and TOF-
MS techniques.

When nonchromophoric poly(amino acids) were employed as substrates,
the precipitated amounts of apoferritin derivatives were directly estimat-
ed from the change in absorbance at 280 nm of the supernatant. Al-
though all the examined proteins have absorption bands at around
280 nm, the observed absorbance of each mixture was close to the sum of
the absorbance values of apoferritin and each protein (Figure 6). Almost
the same results were obtained in most cases when measured again after
1 day.
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Table 1. Coprecipitation profiles of biological proteins with apoferritin
and the apoferritin–Tb3+ complex.

Protein pI MW [kD] Absorption [%] at 280 nm[a]

apoferritin Tb3+ complex

albumin 5.4 66.5 103 101
myoglobin 7.5 17.0 99 98
a-chymotrypsin 8.4 25.3 99 97
cytochrome c 9.3 12.3 97 103
lysozyme 11.0 14.3 102 101

[a] Percentage was determined by the change in absorbance of apoferri-
tin or the apoferritin–Tb3+ complex at 280 nm after mixing and centrifu-
gation.

Chem. Eur. J. 2010, 16, 4273 – 4278 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4277

FULL PAPERLuminescent Sensor for Poly ACHTUNGTRENNUNG(arginine) and Its Protein Conjugates

www.chemeurj.org


[1] a) D. M. Lawson, P. J. Artymiuk, S. J. Yewdall, J. M. A. Smith, J. C.
Livingstone, A. Treffry, A. Luzzago, S. Levi, P. Arosio, G. Cesareni,
C. D. Thomas, W. V. Shaw, P. M. Harrison, Nature 1991, 349, 541 –
544; b) G. S. Waldo, E. C. Theil, Compr. Superamol. Chem. 1997, 5,
65– 89.

[2] a) S. Aime, L. Frullano, S. G. Crich, Angew. Chem. 2002, 114, 1059 –
1061; Angew. Chem. Int. Ed. 2002, 41, 1017 – 1019; b) T. Ueno, M.
Suzuki, T. Goto, T. Matsumoto, K. Nagayama, Y. Watanabe, Angew.
Chem. 2004, 116, 2581 – 2584; Angew. Chem. Int. Ed. 2004, 43, 2527 –
2530; c) N. G�lvez, P. S�nchez, J. M. Dom�nguez-Vera, Dalton Trans.
2005, 2492 –2494; d) Z. Yang, X. Wang, H. Diao, J. Zhang, H. Li, H.
Sun, Z. Guo, Chem. Commun. 2007, 3453 –3455; e) F. Yan, Y.
Zhang, H. Yuan, M. K. Gregas, T. Vo-Dinh, Chem. Commun. 2008,
4579 – 4581.

[3] a) S.-T. Yau, P. G. Vekllov, Nature 2000, 406, 494 –497; b) R. J. Chen,
Y. Zhang, D. Wang, H. Dai, J. Am. Chem. Soc. 2001, 123, 3838 –
3839; c) R. A. McMillan, C. D. Paavola, J. Howard, S. L. Chan, N. J.
Zaluzec, J. D. Trent, Nat. Mater. 2002, 1, 247 –252; d) T. Matsui, N.
Matsukawa, K. Iwahori, K. Sano, K. Shiba, I. Yamashita, Jpn. J.
Appl. Phys. 2007, 46, L713 –L715; e) Z. Yuan, D. N. Petsev, B. G.
Prevo, O. D. Velev, P. Atanassov, Langmuir 2007, 23, 5498 – 5504.

[4] a) J. G. Wardeska, B. Viglione, N. D. Chasteen, J. Biol. Chem. 1986,
261, 6677 – 6683; b) C. M. Barn�s, S. Petoud, S. M. Cohen, K. N. Ray-
mond, J. Biol. Inorg. Chem. 2003, 8, 195 –205.

[5] a) M. K. Johansson, R. M. Cook, J. Xu, K. N. Raymond, J. Am.
Chem. Soc. 2004, 126, 16451 –16455; b) R. A. Poole, F. Kielar, S. L.
Richardson, P. A. Stenson, D. Parker, Chem. Commun. 2006, 4084 –
4086; c) J. P. Leonard, C. M. G. dos Santos, S. E. Plush, T. McCabe,
T. Gunnlaugsson, Chem. Commun. 2007, 129 – 131; d) C. D. B. Van-
devyver, A.-S. Chauvin, S. Comby, J.-C. G. B�nzli, Chem. Commun.
2007, 1716 – 1718.

[6] a) N. Hildebrandt, L. J. Charbonni�re, M. Beck, R. F. Ziessel, H.-G.
Lçhmannsrçben, Angew. Chem. 2005, 117, 7784 – 7788; Angew.
Chem. Int. Ed. 2005, 44, 7612 –7615; b) L. J. Charbonni�re, N. Hilde-

brandt, R. F. Ziessel, H.-G. Lçhmannsrçben, J. Am. Chem. Soc.
2006, 128, 12800 –12 809; c) M. Halim, M. S. Tremblay, S. Jockusch,
N. J. Turro, D. Sames, J. Am. Chem. Soc. 2007, 129, 7704 –7705;
d) K. R. Kupcho, D. K. Stafslien, T. DeRosier, T. M. Hallis, M. S.
Ozers, K. W. Vogel, J. Am. Chem. Soc. 2007, 129, 13372 – 13373.

[7] Y. Kataoka, S. Shinoda, H. Tsukube, J. Nanosci. Nanotechnol. 2009,
9, 655 –657.

[8] a) T. N. Nguyen, J. A. Goodrich, Nat. Methods 2006, 3, 135 –139;
b) E. Sprinzak, Y. Altuvia, H. Margalit, Proc. Natl. Acad. Sci. USA
2006, 103, 14718 –14723; c) H. Yu, P. Braun, M. A. Yıldırım, I. Lem-
mens, K. Venkatesan, J. Sahalie, T. Hirozane-Kishikawa, F. Gebreab,
N. Li, N. Simonis, T. Hao, J.-F. Rual, A. Dricot, A. Vazquez, R. R.
Murray, C. Simon, L. Tardivo, S. Tam, N. Svrzikapa, C. Fan, A.-S.
de Smet, A. Motyl, M. E. Hudson, J. Park, X. Xin, M. E. Cusick, T.
Moore, C. Boone, M. Snyder, F. P. Roth, A.-L. Barab�si, J. Taverni-
er, D. E. Hill, M. Vidal, Science 2008, 322, 104 –110.

[9] S. Cohen, J. Biol. Chem. 2008, 283, 33793 – 33797.
[10] E. R. Bauminger, P. M. Harrison, I. Nowik, A. Treffry, Biochemistry

1989, 28, 5486 –5493.
[11] a) D. N. Petsev, B. R. Thomas, S.-T. Yau, P. G. Vekilov, Biophys. J.

2000, 78, 2060 –2069; b) M. A. Baraibar, A. G. Barbeito, B. B. Muho-
berac, R. Vidal, J. Biol. Chem. 2008, 283, 31679 –31689.

[12] a) W. R. Bowen, N. J. Hall, L.-C. Pan, A. O. Sharif, P. M. Williams,
Nat. Biotechnol. 1998, 16, 785 –787; b) M. Lundqvist, J. Stigler, G.
Elia, I. Lynch, T. Cedervall, K. A. Dawson, Proc. Natl. Acad. Sci.
USA 2008, 105, 14265 – 14270; c) K. Uto, K. Yamamoto, N. Kishimo-
to, M. Muraoka, T. Aoyagi, I. Yamashita, J. Mater. Chem. 2008, 18,
3876 – 3884.

[13] a) K. Terpe, Appl. Microbiol. Biotechnol. 2003, 60, 523 – 533;
b) S. M. Fuchs, R. T. Raines, Protein Sci. 2005, 14, 1538 –1544; c) C.
Renner, J. Piehler, T. Schrader, J. Am. Chem. Soc. 2006, 128, 620 –
628.

Received: October 14, 2009
Published online: March 1, 2010

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 4273 – 42784278

H. Tsukube et al.

http://dx.doi.org/10.1038/349541a0
http://dx.doi.org/10.1038/349541a0
http://dx.doi.org/10.1038/349541a0
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1059::AID-ANGE1059%3E3.0.CO;2-O
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1059::AID-ANGE1059%3E3.0.CO;2-O
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C1059::AID-ANGE1059%3E3.0.CO;2-O
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1017::AID-ANIE1017%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1017::AID-ANIE1017%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C1017::AID-ANIE1017%3E3.0.CO;2-P
http://dx.doi.org/10.1002/ange.200353436
http://dx.doi.org/10.1002/ange.200353436
http://dx.doi.org/10.1002/ange.200353436
http://dx.doi.org/10.1002/ange.200353436
http://dx.doi.org/10.1002/anie.200353436
http://dx.doi.org/10.1002/anie.200353436
http://dx.doi.org/10.1002/anie.200353436
http://dx.doi.org/10.1039/b705326f
http://dx.doi.org/10.1039/b705326f
http://dx.doi.org/10.1039/b705326f
http://dx.doi.org/10.1039/b810949d
http://dx.doi.org/10.1039/b810949d
http://dx.doi.org/10.1039/b810949d
http://dx.doi.org/10.1039/b810949d
http://dx.doi.org/10.1021/ja010172b
http://dx.doi.org/10.1021/ja010172b
http://dx.doi.org/10.1021/ja010172b
http://dx.doi.org/10.1038/nmat775
http://dx.doi.org/10.1038/nmat775
http://dx.doi.org/10.1038/nmat775
http://dx.doi.org/10.1143/JJAP.46.L713
http://dx.doi.org/10.1143/JJAP.46.L713
http://dx.doi.org/10.1143/JJAP.46.L713
http://dx.doi.org/10.1143/JJAP.46.L713
http://dx.doi.org/10.1021/la062891f
http://dx.doi.org/10.1021/la062891f
http://dx.doi.org/10.1021/la062891f
http://dx.doi.org/10.1021/ja0452368
http://dx.doi.org/10.1021/ja0452368
http://dx.doi.org/10.1021/ja0452368
http://dx.doi.org/10.1021/ja0452368
http://dx.doi.org/10.1039/b611259e
http://dx.doi.org/10.1039/b611259e
http://dx.doi.org/10.1039/b611259e
http://dx.doi.org/10.1039/b611487c
http://dx.doi.org/10.1039/b611487c
http://dx.doi.org/10.1039/b611487c
http://dx.doi.org/10.1039/b701482a
http://dx.doi.org/10.1039/b701482a
http://dx.doi.org/10.1039/b701482a
http://dx.doi.org/10.1039/b701482a
http://dx.doi.org/10.1002/ange.200501552
http://dx.doi.org/10.1002/ange.200501552
http://dx.doi.org/10.1002/ange.200501552
http://dx.doi.org/10.1002/anie.200501552
http://dx.doi.org/10.1002/anie.200501552
http://dx.doi.org/10.1002/anie.200501552
http://dx.doi.org/10.1002/anie.200501552
http://dx.doi.org/10.1021/ja071311d
http://dx.doi.org/10.1021/ja071311d
http://dx.doi.org/10.1021/ja071311d
http://dx.doi.org/10.1021/ja074791h
http://dx.doi.org/10.1021/ja074791h
http://dx.doi.org/10.1021/ja074791h
http://dx.doi.org/10.1166/jnn.2009.J080
http://dx.doi.org/10.1166/jnn.2009.J080
http://dx.doi.org/10.1166/jnn.2009.J080
http://dx.doi.org/10.1166/jnn.2009.J080
http://dx.doi.org/10.1038/nmeth0206-135
http://dx.doi.org/10.1038/nmeth0206-135
http://dx.doi.org/10.1038/nmeth0206-135
http://dx.doi.org/10.1073/pnas.0603352103
http://dx.doi.org/10.1073/pnas.0603352103
http://dx.doi.org/10.1073/pnas.0603352103
http://dx.doi.org/10.1073/pnas.0603352103
http://dx.doi.org/10.1126/science.1158684
http://dx.doi.org/10.1126/science.1158684
http://dx.doi.org/10.1126/science.1158684
http://dx.doi.org/10.1074/jbc.X800008200
http://dx.doi.org/10.1074/jbc.X800008200
http://dx.doi.org/10.1074/jbc.X800008200
http://dx.doi.org/10.1021/bi00439a025
http://dx.doi.org/10.1021/bi00439a025
http://dx.doi.org/10.1021/bi00439a025
http://dx.doi.org/10.1021/bi00439a025
http://dx.doi.org/10.1016/S0006-3495(00)76753-1
http://dx.doi.org/10.1016/S0006-3495(00)76753-1
http://dx.doi.org/10.1016/S0006-3495(00)76753-1
http://dx.doi.org/10.1016/S0006-3495(00)76753-1
http://dx.doi.org/10.1074/jbc.M805532200
http://dx.doi.org/10.1074/jbc.M805532200
http://dx.doi.org/10.1074/jbc.M805532200
http://dx.doi.org/10.1038/nbt0898-785
http://dx.doi.org/10.1038/nbt0898-785
http://dx.doi.org/10.1038/nbt0898-785
http://dx.doi.org/10.1073/pnas.0805135105
http://dx.doi.org/10.1073/pnas.0805135105
http://dx.doi.org/10.1073/pnas.0805135105
http://dx.doi.org/10.1073/pnas.0805135105
http://dx.doi.org/10.1039/b807178k
http://dx.doi.org/10.1039/b807178k
http://dx.doi.org/10.1039/b807178k
http://dx.doi.org/10.1039/b807178k
http://dx.doi.org/10.1110/ps.051393805
http://dx.doi.org/10.1110/ps.051393805
http://dx.doi.org/10.1110/ps.051393805
http://dx.doi.org/10.1021/ja0560229
http://dx.doi.org/10.1021/ja0560229
http://dx.doi.org/10.1021/ja0560229
www.chemeurj.org

